Coffee supports livelihoods of approximately 125 million families worldwide and over 700,000 households in Kenya. The epidemics of Coffee berry disease (CBD), caused by Colletotrichum kahawae, destroy up to 80% of the developing berries on susceptible varieties. The control of the disease using chemicals accounts for 30 to 40% of the production cost and contributes to environment pollution, hence the use of resistant varieties. Resistance to CBD is conferred by three genes; R, T that are dominant and k which is recessive, from coffee varieties Rume Sudan (RS), Hibrido de Timor (HDT) and K7 respectively. Although the T gene has been mapped, there is need for genetic mapping of the other genes to improve selection efficiency. The objective of this study was to evaluate F2 populations of RS x SL28 for their suitability to genetic mapping of the R gene in RS. Resistance to CBD was evaluated by hypocotyl inoculation on their F3 progenies. The data was subjected to Analysis of Variance (ANOVA) and Chi Square (χ²) test. The ANOVA result showed significant differences (P≤0.05) between the genotypes to CBD resistance. The phenotypic ratio of resistance to susceptible plants fitted the 3:1 monohybrid inheritance ratio for a dominant gene using the χ² test (χ² = 1.0565 and P=0.30207, P≤0.05), hence confirming the suitability of the F2 populations for the identification of the DNA marker for R gene in RS.
INTRODUCTION
Coffee (Coffea spp.) is among the most important commodities in the tropical countries of the world (Vieira et al., 2019) . It is commercially grown in more than 10.5 million ha in 80 different countries worldwide (Van der Vossen et al., 2015) . It supports livelihoods of approximately 125 million families in coffee producing countries (Zhou et al., 2016) . Coffee is an important export crop and a major foreign exchange earner for *Corresponding author. E-mail: jgimase@yahoo.com/James.gimase@kalro.org.
Author(s) agree that this article remain permanently open access under the terms of the Creative Commons Attribution License 4.0 International License Kenya, supporting over 700,000 smallholder farmers that are organized into about 435 farmers' co-operative societies. The cooperative societies account for 80% of the total coffee production while the remaining 20% is produced by 3000 coffee plantations (Kathurima, 2013; Gimase, 2014) . Coffee ranks fifth in terms of economic importance after tea, tourism, horticultural sub-sector and diaspora remittance. It contributes about 1% to GDP and 8% of the total agricultural export revenue (Kenya National Bureau of Statistics, 2019) . Of the 70% of Kenya's workforce engaged in agriculture, 30% are employed by the coffee industry (Minai et al., 2014) . Kenya is known for production of some of the worlds' top grade and highly valued Arabica coffee beans that are usually used in small quantities by international coffee roasters to moderate and improve their blends (Kathurima, 2013) .
Coffea arabica L., is a tetraploid (2n = 4x = 44) and 95% self-fertile (Bertrand et al., 2003) . Coffee was introduced in Kenya at the beginning of 20 th Century by missionaries (Omondi et al., 2016) . It is mainly grown in three regions, the East of Rift Valley (areas around Mount Kenya, the Aberdare ranges and Machakos), West of Rift Valley (Kisii highlands, area around Mt Elgon and the North of the Rift valley) and Taita Hills in the coast (Kathurima, 2013) .
Coffee berry disease caused by the fungal pathogen Colletotrichum kahawae, is a specialized hemibiotrophic pathogen of C. arabica L. (Vieira et al., 2019) . Unlike other Arabica coffee diseases, CBD is still restricted to the African continent despite favourable climatic conditions in certain high-altitude Arabica coffee growing areas of Latin America and Asia (Agwanda et al., 1997; Van der Vossen et al., 2015) . Colletotrichum kahawae infects green berries at the rapid expansion stage (4-16 weeks after flowering) and may also attack mature berries, 28 weeks after flowering (Gichimu et al., 2014 , CRI, 2016 . Epidemics of this disease can quickly destroy 50-80% of the developing berries on susceptible Arabica coffee cultivars during prolonged wet and cool weather conditions (Hindorf and Omondi, 2011) . Preventive control by frequent fungicide sprays account for 30-40% of total production costs and leads to environmental pollution (Gichuru et al., 2008) . Crop loss and cost of CBD control in Africa is estimated to be 300 -500 million USD (Van der Vosen and Walyaro, 2009).
The first case of CBD in Kenya was reported in 1922, in newly established coffee plantations on the slope of Mt Elgon in Western Kenya (McDonald, 1926) . The disease then spread to other parts of the country, East of Rift Valley by 1939 and to all other main coffee growing zones by 1951. It was from Kenya that CBD spread to Angola in 1930 , Zaire in 1937 , Cameroon between 1955 and 1957 , Uganda in 1959 , Tanzania in 1964 , Ethiopia in 1971 and Malawi in 1985 (Hindorf and Omondi, 2011 . Breeding for resistance to CBD in Kenya, started in 1971, following a serious outbreak of CBD in 1967-68 (Van Der Vossen and Walyaro, 1981) . The CBD epidemics experienced at that time affected all the Kenyan commercial varieties and threatened to wipe out the coffee industry in the country (Van der Vosen and Walyaro, 1981; Hindorf and Omondi, 2011) .
Marker-assisted selection is one of the best approaches to reduce the period taken to develop coffee varieties (Moncada et al. 2016) . To implement this technique, one requires to develop a genetic map for markers that are associated with traits of interest, a process that also involves the development of a mapping population (Baison, 2014) . The simplest population is the F 2 genotypes (Schneider, 2005) . The mode of reproduction influences the choice of mapping populations and the relative ease of raising such populations. An ideal mapping population therefore, should be derived from parents with a wide variation in the trait to be analyzed (Gichuru, 2007) . Self-fertile naturally inbreeding plants of Arabica coffee attain a high degree of homozygosity and well-varied pure line parents for generating mapping populations (Gichuru, 2007) .
The discovery of hypocotyl infection on a six-week-old seedling using artificial inoculation with Colletotrichum kahawae spores contributes significantly to Arabica coffee breeding by shortening the time required to identify resistant progenies from crosses involving resistant and susceptible donors (Van Der Vossen et al., 1976; Agwanda et al., 1997; Gichuru et al., 2008) . The method was found to be a reliable pre-selection test whose result was significantly correlated (r 2 =0.73-80, P≤0.05) with mature plant resistance in the field (Van Der Vossen et al., 1976) .
Inheritance studies on Arabica coffee genotypes have identified three genes that confer resistance to CBD in C. arabica as R-gene in the variety Rume Sudan, T-gene in Hibrido de Timor and k-gene in K7 ( Van der Vossen and Walyaro, 1980) . The T gene has an intermediate gene action, with the R gene dominant and the k gene recessive; therefore, the k gene only confers partial resistance to CBD (Van der Vossen and Walyaro, 2009).
Genetic resistance to CBD has been characterized by various studies in Kenya. The T gene was mapped by Agwanda et al. (1997) using random amplified polymorphic DNA (RAPD) markers while Gichuru et al. (2008) mapped the first locus for resistance to Colletotrichum kahawae using simple sequence repeats (SSR) markers and amplified fragment length polymorphisms (AFLP) markers and christened it as Ck-1. The locus was found to be linked to the highly repetitive and informative SSR primer locus (Sat 235) that has been widely adopted for marker assisted selection (MAS) in Arabica coffee (Gichimu et al. 2014; Mtenga, 2016; Alkimim et al. 2017) . Although molecular markers for the T-gene (Ck-1) gene in HDT was detected, similar molecular research studies remain necessary for the detection and mapping of R genes in Rume Sudan. This will increase selection efficiency in the rapid development of CBD resistant varieties to CBD that meet consumers preference for Arabica coffee growing countries in Africa and breeding programmes in Latin America, where CBD has not been reported but there remains a possible likelihood of its occurrence (Van der Vossen et al., 2015) .
Evaluation of F 2 populations to determine their suitability for mapping of resistance to diseases in coffee has been carried out by various studies. Gichuru (2007) evaluated two F 2 populations derived from CBD resistance donor parent Catimor and susceptible cultivar SL 28; Brito et al. (2010) F 2 populations from HDT UFV 427-15 and the susceptible cultivar Catuai Amarelo UFV 2143-236 for their segregation on resistance to race II Heimillea vastatrix, the causal agent of coffee leaf rust. Similarly, Diola et al. (2011 Diola et al. ( , 2013 studied an F 2 population obtained by crossing HDT UFV 427-15 (resistant) with Catuai Amarelo IAC 30 (susceptible) segregating for a dominant gene that confers resistance on coffee to race II of Heimillea vastatrix while Pestana et al. (2015) examined F 2 population of a cross between Catuai Amarelo IAC 64 (UFV 2148-57), a susceptible Arabica coffee variety and HDT UFV 443-03 as a donor variety of resistance to Heimillea vastatrix.
Breeding programs in various crops have led to release of genotypes with improved traits that often breaks up after a short period as different genes for resistance acts against different isolates, races or biotypes (Mekonnen et al., 2017) . The process of accumulating various genes to a given genotype (pyramiding) broadens the number of races or isolates that one variety can resist or tolerate at the same time (Sundaram et al., 2009 ). Pyramiding of genes for resistance using conventional screening methods is limited by the dominance effects of genes governing disease resistance (Arunakumari et al., 2016) ; for DNA markers, it is possible to accurately identify genes of interest of the progenies at each generation, thus making pyramiding process faster and more efficient (Zhao et al., 2014) . Despite the fact that resistance to CBD is controlled by three genes (Van der Vossen and Walyaro, 1980) , only the T gene has been mapped (Gichuru et al., 2008 ) and adopted for MAS (Alkimim et al. 2017) . It is therefore necessary to identify DNA markers for R and k genes to increase selection efficiency in the rapid development of CBD resistant varieties (Van der Vossen et al., 2015) . The objective of this study was to evaluate F 2 populations derived from crosses between C. arabica varieties Rume Sudan and SL 28 for resistance to CBD and determine their suitability of genetic mapping of R gene that confer resistance to CBD in C. arabica L.
MATERIALS AND METHODS
This study was conducted at Coffee Research Institute (CRI) of the Kenya Agricultural and Livestock Research Organization (KALRO), Ruiru Centre. Ruiru is located within the upper midland (UM2) at 1° Gimase et al. 227 06'S and 36° 45'E and at an altitude of 1620 m above sea level. The rainfall pattern is bimodal with 1063 mm per annum and the annual average temperature is 19°C with a range of 12.8 to 25.2°C ( Jaetzold et al., 2006) .
Study materials
This study utilized a total of 108 genotypes comprising 106 F 2 genotypes and their parents, Rume Sudan and SL28. F 2 segregating population of a cross between C. arabica varieties Rume Sudan (RS) and SL 28 was developed and established at CRI. In the development of RS x SL28 F 2 populations, the cultivar RS was used as female parent. Rume Sudan is a normal Arabica variety that is believed to possess the R gene in the R locus that confers resistance to CBD while the male parent SL 28 is C. arabica cultivar highly susceptible to CBD (Hindorf and Omondi, 2011) .
Evaluation for resistance to CBD and classification of F 2 populations
The 108 genotypes were classified based on resistance to CBD of their F 3 progenies using hypocotyl inoculation method on a scale of 1 -12, as described by Van der Vossen et al. (1976) ( Table 1) . The F 2 plants were selfed to generate F 3 progenies for two seasons (2017 and 2018). For each season, ripe and healthy F 3 berries were harvested from each of the F 2 Rume Sudan x SL 28 individual genotype. The harvested berries were manually pulped by handsqueezing them between the fingers. The seeds were fermented for about 16 h, washed, dried to a moisture content of 15% and then the parchment was removed by hands. Three hundred seeds were planted in sterilized sand in plastic boxes and kept at room temperature under laboratory conditions. Twenty seedlings of the susceptible SL 28 were also sown alongside the test seedlings in each box. Coffee variety SL 28 was used as a susceptible control to verify success of infection. The experiment was set out in the laboratory in a completely randomized design (CRD) with three replicates each of 100 seeds. Watering was carried out twice per week using distilled water to ensure that the sand remained moist but not water logged. After 6 weeks, the germinated hypocotyl seedlings with unopened cotyledons were uprooted and immediately replanted in similar but clean boxes filled with sterilized sand at a spacing of 2.5 cm x 2.5 cm. Isolates of Colletotrichum kahawae were obtained from freshly infected coffee berries in the field and multiplied on malt extract agar (MEA) for a period of about 15 days in the laboratory. To stimulate conidia production, isolates were cultured on coffee leaf extract agar medium for 7 days under a photoperiod of 12 h at 22°C and then sub-cultured on 90-mm polystyrene petri dishes containing malt extract agar (40 g L -1 , MEA; Oxoid) for 7 days under the same photoperiod (Vieira et al., 2019) . Inoculum was obtained by dislodging and harvesting the conidia by flooding the plate with 5 mL of sterile distilled water and the suspensions passed through four layers of sterile muslin cloth to remove mycelia (Vieira et al., 2019) . Concentrations of spore suspensions were determined using a haemocytometer (NEUBAUER Scientific International, Germany).
Six weeks after sowing the F 3 seeds in the sand boxes, inoculum suspension was adjusted and standardized to a concentration of 2 x 10 6 conidia per ml (Van der Vossen et al., 1976; Viera et al., 2019) . The hypocotyls were inoculated using a hand sprayer, spraying them twice at 48-h interval with the inoculum. After every spray interval, the seedlings were incubated in the dark by covering them with black polythene sheet for 48 h at room temperature and then transferred to a temperature-controlled room at 18 to 20°C for 2 weeks. The seedlings were transferred back to room temperature for one week, after which disease symptom severity rating were Scab and brown lesions, and a few small black lesions 6
Brown and narrow black lesions 7
Narrow black lesions, some more than 1 centimeter long 8
Black lesions becoming wider and starting to coalesce 9
Large coalescing black lesions but not yet complete 10
Large coalescing black lesions, complete girdling of stem 11
Most of the stem affected, more than one third stem shriveled, seedling dead 12
Whole stem affected and shriveled and seedling dead *Pathogenicity scale described by Van der Vossen et al. (1976) .
carried out. The incubation period was determined by the full expression of disease on SL 28. Each seedling was assessed based on expression of disease symptoms on the hypocotyls. Average infection (AI) per replicate was calculated as follows:
∑ where, i is the disease class, n i is the number of seedlings in class i, N is the total number of seedlings scored (Van der Vossen et al., 1976) and mean grade data computed for each genotype. Chi squared tests for goodness of fit on Mendelian monohybrid inheritance ratio for phenotypic segregation of 3:1 (resistant to susceptible) for a dominant gene was used to confirm genetic hypothesis on the mode of inheritance for CBD resistance of the genotypes (Fazel-Najafabadi et al., 2015; Kim and Reinke, 2019) .
RESULTS

Phenotypic segregation of the F 2 Population for CBD resistance
The SL 28 seedlings were ranked highly susceptible to CBD with a rating between 11 and 12 and a mean of 11.9 (Table 2) , an indication that the infection was highly successful. Rume Sudan recorded a disease rating of 2.97 and was considered highly resistant to CBD. The F 2 genotypes segregated showing various levels of resistance and susceptibility, however, no genotypes had a score of 12 (Table 2 ). The mean infection score for all the genotypes was 5.75. Based on the hypocotyl inoculation results, the genotypes were classified into two phenotypic classes by comparing the infection rates of the F 2 populations with SL 28. Seedlings with ratings of 7 and 12 were considered susceptible and those rated from 1 -6, considered resistant (Van Der Vossen et al., 1976) . The frequency curve of CBD resistance on the F 2 genotypes showed a continuous distribution from grade 1 to 12, but was slightly skewed towards more resistance genotypes (Figure 1) .
The mean data on phenotypic segregation for CBD resistance of RS x SL28 F 2 populations was subjected to analysis of variance using SAS statistical software (Version 9) and means separated using least significant difference (LSD). The result showed significant variation (P≤0.05) among the genotypes for resistance to CBD (Table 2) . Three genotypes namely 35, 5 and 14 were significantly more resistant (P≤0.05) to CBD than Rume Sudan whereas two genotypes, 71 and 33 were not significantly different (P≤0.05) from the susceptible check (SL 28).
The mean data was subjected to Chi-square test in order to check for goodness-of-fit for the various Mendelian monohybrid inheritance ratios for the segregation of a dominant gene (Table 3 ). The segregation ratios of resistant to susceptible genes (R:S) is used by breeders to determine conformity of populations to the expected genetic segregations (Baison, 2014) . The phenotypic segregation of CBD infection distribution fitted the 3:1 monohybrid ratio (χ² = 1.0565 and P=0.30207, P≤0.05) for the F 2 mapping populations (Table 3) .
DISCUSSION
The study revealed significant variations in the resistance to CBD within the F 2 populations derived from RS x SL28 crosses. Related results were reported by Gichuru (2007) who observed significant variation in resistance to CBD among F 2 population derived from CBD resistance donor parents Catimor and susceptible cultivar SL 28. Gichimu et al. (2014) observed variations in the resistance to CBD among coffee variety R11 parental genotypes and within different Ruiru 11 siblings. Mtenga (2016) also found significant differences for CBD resistance on progenies of a cross between Ethiopian accessions and C. arabica cultivar, KP423 for resistance to CBD. The variety SL 28 had a high rating of 11 -12 in the reaction to the inoculation of Colletotrichum kahawae, whereby at least most of the stem of the hypocotyl was affected, with more than one third of the stem found to have shriveled, leading to the death of the seedling and confirming its high susceptibility to the disease. A related result was reported by Gichimu et al. (2014) recorded a disease rate of 11.59 -11.72 for SL 28; Gichuru (2007) , who recorded 11.8 for the susceptible cultivar Catura; Omondi et al. (2001), 10.5 -12 for SL 28 and Van Der Vossen et al. (1976) , 10 -12 for SL 28. A relatively recent study by Mtenga (2016) , using cultivar KP423, which is a susceptible C. arabica commercial variety in Tanzania recorded the highest CBD scores among the F 1 progenies. Rume Sudan was rated as highly resistant with a disease rating of 2.97. Similar results were reported by Van Der Vossen et al. (1976) with disease rating of 4.1 and Gichimu et al. (2014) who reported 4.6. Rume Sudan and SL 28 scores ranged from highly resistant class to most susceptible class rating, respectively. An ideal mapping population should be derived from parents with a large variation in the trait to be analyzed (Gichuru, 2007; Baison, 2014; Moncada et al. 2016) . Therefore, in this study, Rume Sudan x SL 28 could be an ideal parental combination for a mapping population following their wide rating range for CBD resistance.
The phenotypic ratios of resistant to susceptible genotypes were 74:32 which fitted a 3:1 monohybrid inheritance ratio for a major/dominant gene (χ² = 1.0565 and P=0.30207, P≤0.05) for the F 2 populations (Table 3) . A study by Gichuru (2007) on a dominant T gene that confer resistance to CBD in HDT using two F 2 population derived from susceptible cultivar SL 28 and Catimor as a donor of the resistance gene, revealed that the ratio of resistant to susceptible for two populations were 96:35 and 103:44 which fitted the 3:1 Mendelian ratio for a major gene action (χ² = 0.206; P=0.650 and χ² = 1.907; P=0.167) for the two respective populations. Brito et al. (2010) evaluated 160 F 2 genotypes derived from a cross between the resistant genotype Hibrido de Timor UFV 427-15 and the susceptible cultivar Catuai Amarelo UFV 2143-236 for their segregation on resistance to race II Heimillea vastatrix, the causal agent for coffee leaf rust and reported 124:36 for R:S that fitted in the 3:1 Mendelian ratio for a dominant gene (χ²= 0.5336, P = 0.4652). Diola et al. (2011) reported phenotypic ratio of 166:58 that also fitted on the 3:1 segregation pattern expected for a single, dominant gene (χ²=0.09524) on F 2 population from a crossing of Hibrido de Timor UFV 427-15 (resistant) with Catuaí Amarelo IAC 30 (susceptible), for a dominant gene that confers resistance on coffee to race II of Heimillea vastatrix. Diola et al. (2013) reported a Mendelian ratio of resistant to susceptible genotypes of 3:1, indicating that one gene is involved in the resistance of the HDT to pathotype of race II of Heimillea vastatrix using 224 F2 plants derived from resistant parent HDT UFV 427-15 and the susceptible parent Catuaí Amarelo UFV 2143-236 (IAC 30). In a related study, Pestana et al. (2015) also reported 3:1 (P≤0.05) ratio for dominant gene in an F 2 population of a cross between Catuai Amarelo IAC 64 (UFV 2148-57), a susceptible Arabica coffee variety and Hibrido de Timor UFV 443-03, a donor variety for resistance Heimillea vastatrix. Kim and Reinke et al. (2019) reported expected phenotypic ratio of 3:1 (χ² = 4.15 and P = 0.12, P≤0.05) on F 2 rice genotypes evaluated for resistance to bacterial blight.
The distribution of the infection rating among the F 2 genotypes was close to normal with a skew toward the lower level of CBD infection. The skewness is a necessary for determination of Mendelian inheritance ratios. A study by Kim and Reinke et al. (2019) revealed a skewed result towards resistant genotypes on F 2 rice genotypes evaluated for resistance to bacterial blight.
Conclusion
This study revealed significant variation in the symptoms of Colletotrichum kahawae among the F 2 populations derived from Arabica coffee varieties Rume Sudan and SL 28. The CBD disease rating was skewed towards the resistant genotypes, demonstrating an ideal segregation of the populations for resistance. There was a significant contrast in terms of resistance to CBD between RS and SL 28, indicating that the choice of the parents was justified. This study also showed that the phenotypic segregation within the populations for resistant to susceptible genotypes fitted 3:1 Mendelian ratio expected from a dominant gene. The F 2 populations derived from RS and SL 28 were suitable for genetic mapping of a dominant gene. Therefore, RS x SL 28 F 2 populations are recommended for mapping of R gene in the variety RS that confers resistance to CBD to C. arabica L.
